1. Introduction {#sec1-ijms-18-00732}
===============

Spinal cord injury (SCI) is a serious and disabling condition that can cause a range of symptoms, including severe movement dysfunction, muscle weakness and changes in sensation. It can lead to a variety of subsequent sequelae and can have serious socioeconomic impacts. Despite the great efforts that have been made to improve the functional outcome of patients with SCI, advances in therapy for the condition have, thus far, been limited \[[@B1-ijms-18-00732]\]. Following SCI, neurons that are terminally-differentiated cells are damaged, and the occurrence of apoptosis is an important feature of SCI \[[@B2-ijms-18-00732]\]. The prevention of apoptosis following SCI could, therefore, potentially lead to spinal cord tissue repair and improved motor function \[[@B3-ijms-18-00732]\]. However, the precise mechanisms of such apoptosis are not currently fully understood.

Long noncoding RNAs (lncRNAs) are a class of transcripts longer than 200 nt in size that lack significant protein-coding capacity. Emerging data have suggested that lncRNAs are involved in a wide range of biological processes, such as cellular proliferation, apoptosis and differentiation \[[@B4-ijms-18-00732]\]. Previous studies have revealed that lncRNAs are highly expressed in the central nervous system (CNS) and they have been implicated in several neurological diseases \[[@B5-ijms-18-00732],[@B6-ijms-18-00732],[@B7-ijms-18-00732]\]. Ding et al. were the first to demonstrate that lncRNAs are differentially expressed after SCI \[[@B8-ijms-18-00732]\]. However, to date there have only been preliminary studies on the biological roles of lncRNAs in SCI. The X inactivate-specific transcript (XIST), a 19 kb lncRNA (17 kb in mice), is a lncRNA that is dysregulated in several cancers and is correlated with tumor invasion, progression, metastasis, and poor prognosis \[[@B9-ijms-18-00732],[@B10-ijms-18-00732],[@B11-ijms-18-00732]\]. A recent study demonstrated that suppression of lncRNA-XIST decreased apoptosis of human breast cancer cells via the activation of AKT activation \[[@B12-ijms-18-00732]\]. The PI3K/AKT signaling pathway is involved in apoptosis and available evidence has suggested that activation of this pathway could help improve recovery from SCI \[[@B13-ijms-18-00732]\]. However, whether suppression of lncRNA-XIST protects cells from apoptosis through the promotion of AKT activation in SCI remains unclear.

Recently, lncRNAs have been reported to function as competing endogenous RNAs \[[@B14-ijms-18-00732]\] by mopping up miRNAs and, thus regulating their function \[[@B15-ijms-18-00732]\]. In this context, previous studies have shown that lncRNA-XIST and miR-152 could interact with and repress each other and, in so doing, act as crucial regulators of the functions of human glioblastoma stem cells \[[@B16-ijms-18-00732]\]. In hepatocellular carcinoma (HCC), it has been shown that the knockdown of XIST by si-RNA (si-XIST) could affect the proliferation and metastasis of tumor cells by regulating the expression of miR-92b \[[@B17-ijms-18-00732]\]. Moreover, lncRNA-XIST has been found to inhibit the levels of miR-34a-5p in human nasopharyngeal carcinoma (NPC) and miR-101 in gastric cancer \[[@B18-ijms-18-00732]\]. In previous studies we have demonstrated that miR-494 exerts an anti-apoptotic role in SCI (in press). However, the role of miR-494 in regulating the effects of XIST on SCI has not previously been studied.

In the present study, we aimed to investigate the expression and function of lncRNA-XIST in a rat SCI model. Moreover, the interactions among expression of lncRNA-XIST, miR-494, and phosphorylated AKT were also studied in order to reveal the underlying mechanisms of XIST shRNA in the attenuation of neuronal apoptosis in SCI rats. It was anticipated that our findings would inform the future direction of treatments for patients with SCI.

2. Results {#sec2-ijms-18-00732}
==========

2.1. Neuronal Apoptosis Was Promoted in the Rat SCI Model {#sec2dot1-ijms-18-00732}
---------------------------------------------------------

As already known, the contusive injury model is a commonly used adult rat SCI model. In the present study, we first established the animal model in accordance with previous descriptions \[[@B19-ijms-18-00732]\]. We found that all rats subjected to spinal cord contusions were paralyzed in both hindlimbs from the first day post-injury. As shown in [Figure 1](#ijms-18-00732-f001){ref-type="fig"}A, hindlimb locomotor activity improved gradually thereafter, during the experimental period, as demonstrated by the increase in Basso, Beattie, and Bresnahan (BBB) scores.

Cresyl violet staining was used to assess the spared tissue seven days post-injury, following behavioral analyses. Compared with the sham (control) group, rats in the SCI group had significantly smaller spared tissue areas at multiple distances from the lesion epicenter, both in rostral and caudal directions ([Figure 1](#ijms-18-00732-f001){ref-type="fig"}B). We also quantified apoptosis at one and three days post-injury using terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining. A greater number of positively stained cells were observed three days post-injury in the SCI group compared with the sham group (*p* \< 0.01) ([Figure 1](#ijms-18-00732-f001){ref-type="fig"}C). To further confirm whether SCI induced neuronal apoptosis, Western blot analysis was used to examine the changes in expression levels of cleaved caspase-3, cleaved PARP, Bcl-2 and Bax. As shown in [Figure 1](#ijms-18-00732-f001){ref-type="fig"}D, expression of cleaved caspase-3, cleaved PARP, and Bax was markedly increased in the SCI group compared with the control group, while that of anti-apoptotic Bcl-2 was reduced. We subsequently detected the level of cleaved caspase-3, a component of the cysteine protease family that plays a key role in apoptosis, in spinal cord tissues, using immunohistochemical staining. Compared with the sham group, SCI induced a marked increase in expression levels of cleaved caspase-3 at d 1 and d 3 post-injury, which was consistent with the results of the Western blot analysis ([Figure 1](#ijms-18-00732-f001){ref-type="fig"}E). These data indicated that the SCI model had been established successfully and that SCI could induce a high level of neuronal apoptosis in rats.

2.2. Expression Pattern of LncRNAs Following SCI in Rats {#sec2dot2-ijms-18-00732}
--------------------------------------------------------

Microarrays have been used to identify special genes associated with inflammation, oxidative stress, and DNA damage following SCI \[[@B20-ijms-18-00732],[@B21-ijms-18-00732],[@B22-ijms-18-00732]\] and the findings have been confirmed using experimental methods \[[@B23-ijms-18-00732],[@B24-ijms-18-00732],[@B25-ijms-18-00732]\]. Thus, it has been shown that data from microarray analysis can be both reliable and useful for discovering novel targets for the treatment of SCI. In the present study, we studied the differential expressed of lncRNAs in SCI by retrieving the microarray data in the GEO dataset (accession GSE5296). By reviewing the microarray data, we found that the expression levels of 60 lncRNAs potentially involved in SCI were dysregulated in the SCI group, including 46 downregulated lncRNAs and 14 upregulated lncRNAs ([Figure 2](#ijms-18-00732-f002){ref-type="fig"}A). We further validated the changes in the levels of six lncRNAs using qRT-PCR in the sham and SCI group rats. The data produced from this confirmed that linc 00184, linc 00310, and lncRNA-XIST were over-expressed in the SCI group compared with the sham group, whereas linc ROR, linc 00483 and linc 00158 were suppressed ([Figure 2](#ijms-18-00732-f002){ref-type="fig"}B). LncRNA-XIST was identified as being one of the most upregulated lncRNAs among the aberrantly expressed lncRNAs in the SCI group ([Figure 2](#ijms-18-00732-f002){ref-type="fig"}B). Furthermore, we detected the expression levels of XIST at one, three, and seven days after SCI by qRT-PCR and found that XIST was significantly increased and its expression reached the peak at three days ([Figure 2](#ijms-18-00732-f002){ref-type="fig"}C). In addition, it has previously been reported that lncRNA-XIST is associated with apoptosis in several types of human cancer \[[@B16-ijms-18-00732],[@B17-ijms-18-00732],[@B18-ijms-18-00732]\]. For these reasons, lncRNA-XIST was chosen as the candidate for further study.

2.3. Knockdown of LncRNA-XIST Reduces Spinal Cord Injury in the Rat SCI Model {#sec2dot3-ijms-18-00732}
-----------------------------------------------------------------------------

The observed increase in the expression of lncRNA-XIST in spinal cord tissues of rats in the SCI group compared with the control group, prompted us to investigate its biological role in the rat SCI model. Firstly, SCI rats were treated intrathecally with Lv-shRNA for three days. At scheduled time points, rats were euthanized with an overdose of 10% chloral hydrate (10 mg/kg body weight (bw)) and the expression of XIST in spinal cord tissues was measured by qRT-PCR. As shown in [Figure 3](#ijms-18-00732-f003){ref-type="fig"}A, expression of XIST was significantly reduced in the Lv-shRNA treated rats compared with that in Lv-Scramble-treated rats and reached a peak at three days both in sham and SCI groups. As indicated by the results of BBB scores, the locomotor activity of rats in the SCI + Lv-shRNA group was markedly improved compared with that of the SCI group from one day after contusion ([Figure 3](#ijms-18-00732-f003){ref-type="fig"}B). In addition, compared with the SCI group, Lv-shRNA treated rats had significantly larger spared tissue areas at multiple distances from the lesion epicenter, both in rostral and caudal directions ([Figure 3](#ijms-18-00732-f003){ref-type="fig"}C). Furthermore, we conducted TUNEL staining to confirm the functional role of lncRNA-XIST in cell apoptosis. As shown in [Figure 3](#ijms-18-00732-f003){ref-type="fig"}D, knockdown of lncRNA-XIST attenuated the apoptosis after SCI. In addition, we also tested the change in cleaved caspase-3 expression after knockdown of lncRNA-XIST using immunohistochemical staining. Compared with the rats in the SCI group, inhibition of lncRNA-XIST alleviated the expression of cleaved caspase-3 ([Figure 3](#ijms-18-00732-f003){ref-type="fig"}E). These results suggest that lncRNA-XIST knockdown has a protective effect and significantly improves SCI recovery; at least in part, by attenuating apoptosis.

2.4. Knockdown of LncRNA-XIST Promotes Activation of the PI3K/AKT Pathway {#sec2dot4-ijms-18-00732}
-------------------------------------------------------------------------

It is reported that lncRNA-XIST negatively modulates activation of the AKT pathway in breast cancer \[[@B12-ijms-18-00732]\], and that the PI3K/AKT pathway plays a vital role in SCI-induced apoptosis \[[@B26-ijms-18-00732]\]. Thus, we sought to determine whether lncRNA-XIST also modulates the PI3K/AKT pathway in the rat SCI model. According to the results of Western blot analysis, the expression levels of p-AKT and p-mTOR were markedly reduced in the SCI group compared with the sham group, and the expression levels of total AKT and mTOR were not altered by SCI. Notably, Lv-shRNA treatment reactivated the PI3K/AKT pathway, evidenced by the increased expression of p-Akt and p-mTOR in the SCI group ([Figure 4](#ijms-18-00732-f004){ref-type="fig"}A,B). According to the results of the immunohistochemistry staining, the expression of p-AKT was decreased by SCI, while Lv-shRNA treatment promoted p-AKT expression in the SCI rats ([Figure 4](#ijms-18-00732-f004){ref-type="fig"}C). These data suggested that lncRNA-XIST inhibition could activate the PI3K/AKT pathway in SCI model rats.

2.5. LncRNA-XIST Targets miR-494 and Inhibited Its Expression {#sec2dot5-ijms-18-00732}
-------------------------------------------------------------

As mentioned above, lncRNAs have recently been reported to act as competitive endogenous RNAs for miRNAs \[[@B14-ijms-18-00732]\], consequently modulating the depression of miRNA targets. We, thus, hypothesized that lncRNA-XIST knockdown-mediated AKT activation may operate through a ceRNA mechanism. Firstly, bioinformatics tools were used to search for potential miRNAs regulated by lncRNA-XIST. According to the results of these analyses we focused on miR-494, a known oncogenic microRNA inhibiting cancer cell apoptosis. The binding sites between lncRNA-XIST and miR-494 are illustrated in [Figure 5](#ijms-18-00732-f005){ref-type="fig"}A. A luciferase reporter assay was used to test whether lncRNA-XIST targets miR-494. The results showed that overexpression of miR-494 significantly decreased the luciferase activity of wt-XIST-3′UTR, whereas knockdown of miR-494 increased luciferase activity. Likewise, cells co-transfected with miR-494 mimic, miR-494 inhibitor, and XIST-mut-3′UTR, showed no obvious change in their luciferase activity ([Figure 5](#ijms-18-00732-f005){ref-type="fig"}B). Furthermore, we explored whether lncRNA-XIST could modulate the expression of miR-494. As shown in [Figure 5](#ijms-18-00732-f005){ref-type="fig"}C, lncRNA-XIST expression decreased after overexpression of miR-494, whereas it increased after inhibition of miR-494. In addition, we found that miR-494 expression was increased after knockdown of lncRNA-XIST, whereas it was reduced after transfection with Lv-wt-XIST compared with Lv-mut-XIST ([Figure 5](#ijms-18-00732-f005){ref-type="fig"}D). These data indicate that there was reciprocal repression between XIST and miR-494. Next, we investigated whether the expression of lncRNA-XIST is inversely correlated with that of miR-494. We measured the level of lncRNA-XIST and miR-494 in 10 rats, and found that there was an inverse correlation between lncRNA-XIST levels and miR-494 levels (Spearman rank *r* = −0.7159, *p* \< 0.001, [Figure 5](#ijms-18-00732-f005){ref-type="fig"}E). Furthermore, we also found that Lv-XIST significantly increased miR-494 level in spinal cord samples of SCI rats at different time points ([Figure 5](#ijms-18-00732-f005){ref-type="fig"}F). Thus, lncRNA-XIST could negatively regulate miR-494 expression, probably through their interaction in SCI rats.

2.6. miR-494 Attenuates Apoptosis after SCI through the PTEN/AKT/mTOR Pathway {#sec2dot6-ijms-18-00732}
-----------------------------------------------------------------------------

It has recently been shown that miR-494 plays an anti-apoptotic role in several different tumors \[[@B27-ijms-18-00732]\]. As a result, we hypothesized that miR-494 could also exert a protective role in SCI. To test this, we first measured the expression of miR-494 in rat spinal cord tissue after contusion SCI. Analysis by qRT-PCR revealed that SCI resulted in a significant reduction in the expression of miR-494 on day 1, day 3, and day 7, post-injury ([Figure 6](#ijms-18-00732-f006){ref-type="fig"}A). Subsequently, we enforced miR-494 expression by using agomir-miR-494 to evaluate the therapeutic effect of miR-494 on SCI. During the experimental period, the BBB scores of the agomir-miR-494 treatment group were markedly increased compared with the SCI group, indicating that locomotor activity was improved ([Figure 6](#ijms-18-00732-f006){ref-type="fig"}B). Compared with the SCI group, agomir-miR-494-treated rats had significantly larger spared tissue areas ([Figure 6](#ijms-18-00732-f006){ref-type="fig"}C). Furthermore, we also found that agomir-miR-494 attenuated apoptosis after SCI ([Figure 6](#ijms-18-00732-f006){ref-type="fig"}D). Collectively, these data indicate that agomir-miR-494 treatment had a protective effect and significantly improved SCI recovery and are, therefore, in accordance with the results obtained following lncRNA-XIST knockdown in SCI model rats.

Previous studies have reported that the protein phosphatase and tensin homolog (PTEN) play important roles in SCI \[[@B28-ijms-18-00732]\]. Interestingly, in the present study PTEN was predicted by the bioinformatic tools to be a miR-494 target. The potential miR-494 binding sites in the 3′-UTR of PTEN are illustrated in [Figure 6](#ijms-18-00732-f006){ref-type="fig"}E. Moreover, it was found that the expression level of PTEN was significantly decreased following miR-494 knockdown, whereas it was increased with miR-494 overexpression ([Figure 6](#ijms-18-00732-f006){ref-type="fig"}F). These results demonstrate that PTEN was a target gene for miR-494 in the SCI rat model. Previous studies have reported that PTEN is a negative regulator of the PI3K/AKT pathway \[[@B29-ijms-18-00732]\]. As shown in [Figure 6](#ijms-18-00732-f006){ref-type="fig"}G, Western blot analysis showed that the expression of PTEN was decreased and the phosphorylation levels of AKT and mTOR were increased after agomir-miR-494 treatment in rat spinal cord tissues. These data suggest that miR-494 regulates the activation of the PI3K/AKT pathway by targeting PTEN.

2.7. LncRNA-XIST Regulates Apoptosis through the Mopping up of miR-494 in the Rat SCI Model {#sec2dot7-ijms-18-00732}
-------------------------------------------------------------------------------------------

Following on from the above findings, we sought to further explore whether the miR-494/PTEN/AKT/mTOR axis was involved in the anti-apoptotic effects of lncRNA-XIST knockdown in the SCI rat model. First, Lv-shRNA and antagomir-494 were together injected into the wound areas of the SCI model rat, and the percentage of apoptosis in the tissues was compared with that in the SCI + Lv-shRNA group, the SCI group and the sham (control) group. TUNEL staining of apoptotic cells revealed that apoptosis was attenuated in the SCI + Lv-shRNA group compared with the SCI group. It was also found that antagomir-494 could block the inhibitory effects of Lv-shRNA on apoptosis so that, when administered together, apoptosis was significantly higher than in the SCI + Lv-shRNA group ([Figure 7](#ijms-18-00732-f007){ref-type="fig"}A) (*p* \< 0.01). Western blot analysis showed that PTEN expression was decreased in the SCI + Lv-shRNA group compared with the SCI group, and that this inhibitory effect was removed by the co-administration of antagomir-494 ([Figure 7](#ijms-18-00732-f007){ref-type="fig"}B) (*p* \< 0.05). Interestingly, p-AKT and p-mTOR expressions were restored in the SCI + Lv-shRNA group compared with the SCI group. Meanwhile, it was also observed that antagomir-494 could inhibit the enhancing effects of Lv-shRNA on PI3K/AKT activation in SCI rats, when antagomir-494 and Lv-shRNA were administered together ([Figure 7](#ijms-18-00732-f007){ref-type="fig"}C,D). These results suggest that lncRNA-XIST knockdown inhibited the expression of PTEN by competitively binding with miR-494, resulting in promotion of the activation of the AKT/mTOR pathway, thus alleviating apoptosis after SCI.

3. Discussion {#sec3-ijms-18-00732}
=============

Our results have demonstrated that lncRNA-XIST was significantly overexpressed in the spinal cord tissues of SCI model rats, compared to a control group. Furthermore, knockdown of lncRNA-XIST improved hindlimb locomotor activity, attenuated tissue damage, and inhibited apoptosis in rats following SCI. Our findings have also demonstrated that lncRNA-XIST exerted a pro-apoptotic effect by mopping up miR-494, thereby negatively regulating the PI3K/AKT signaling pathway in SCI rats.

There is increasing evidence emerging to suggest that lncRNAs play important roles in the progression of several neurological diseases \[[@B30-ijms-18-00732],[@B31-ijms-18-00732],[@B32-ijms-18-00732]\]. For example, it has been shown that a lncRNA, β-site amyloid precursor protein cleaving enzyme-1 antisense transcript (BACE1-AS) is deregulated in Alzheimer's disease (AD) which induces feed-forward regulation of BACE1, increases Aβ levels, and thus may promote the pathogenesis of AD \[[@B33-ijms-18-00732],[@B34-ijms-18-00732]\]. Furthermore, the LncRNA NRON may be involved in the pathobiology of Down's syndrome via mediation of the cytoplasmic to nuclear shuttling of the NFAT transcription factor \[[@B35-ijms-18-00732]\]. However, to date, little attention has been paid to the role of LncRNAs in SCI. A recent report from Raquel Cuevas-Diaz Duran et al. analyzed the transcriptomic alterations of both coding and long non-coding genes in the sub-chronic and chronic stages of SCI model rats using RNA-Seq, and listed a catalogue of lncRNAs potentially involved in the regulation and progression of SCI \[[@B36-ijms-18-00732]\]. Another study conducted by Wang et al. found that lncSCIR1 downregulation might play a detrimental role in the pathophysiology of traumatic SCI \[[@B37-ijms-18-00732]\]. In the present study, we obtained lncRNA expression profiles from the GEO database, and lncRNA-XIST was found to be significantly up-regulated in the contusive injury model, a commonly used SCI rat model \[[@B38-ijms-18-00732]\]. Furthermore, we found a significant therapeutic effect of lncRNA-XIST inhibition on SCI. These results indicate that lncRNA-XIST may play an important role in the progression of SCI.

The PI3K/AKT signaling pathway is a major determinant in the control of diverse cellular processes, including SCI \[[@B39-ijms-18-00732],[@B40-ijms-18-00732]\]. Recent studies have shown that activation of the PI3K/AKT pathway is involved in the transcriptional regulation of several important lncRNAs, such as HOTAIR and ANRIL \[[@B41-ijms-18-00732],[@B42-ijms-18-00732]\]. Huang et al. found that lncRNA-XIST reduction in breast cancer upregulates AKT phosphorylation via HDAC3-mediated repression of PHLPP1 expression \[[@B12-ijms-18-00732]\]. In the present study, we explored the cellular pathway(s) of apoptosis regulated by lncRNA-XIST. We observed that knockdown of lncRNA-XIST enhanced the expression of p-AKT and p-mTOR in SCI rats. These results suggest that downregulation of lncRNA-XIST is involved in the process of SCI-induced apoptosis, acting through the PI3K/AKT signaling pathway.

Emerging evidence has confirmed that lncRNAs might function as competing endogenous RNAs \[[@B14-ijms-18-00732]\] or as molecular sponges, mopping up, and thereby modulating, the function of miRNAs \[[@B43-ijms-18-00732],[@B44-ijms-18-00732]\]. A recent study reported that the long non-coding RNA XIST functioned as a competing endogenous RNA to modulate EZH2 expression by mopping up miR-101 in gastric cancer \[[@B11-ijms-18-00732]\], and that XIST is targeted and regulated by miR-92b in Hepatocellular carcinoma (HCC). In the present study, we investigated whether lncRNA-XIST functions as a ceRNA by interacting with miRNAs. Using bioinformatics databases, we found that lncRNA-XIST contains several target binding sites for miR-494. A luciferase activity assay confirmed the binding relationship between lncRNA-XIST and miR-494. Further studies indicated that an inverse correlation existed between lncRNA-XIST and miR-494. However, the functional role of miR-494 in this process was still unknown.

Previous studies have shown that miR-494 is upregulated in several cancers \[[@B45-ijms-18-00732],[@B46-ijms-18-00732],[@B47-ijms-18-00732],[@B48-ijms-18-00732],[@B49-ijms-18-00732]\]. In HCC, upregulation of miR-494 decreased cell apoptosis by targeting PTEN, a pro-apoptotic gene \[[@B47-ijms-18-00732]\]. In the present study, we first confirmed that miR-494 improved recovery from SCI and that it attenuated apoptosis in SCI rats, in accordance with the results of the lncRNA-XIST knockdown experiments. Furthermore, we found that agomir-494 promoted the expression of p-Akt and p-mTOR by targeting PTEN following SCI. This information prompted us to investigate whether the anti-apoptotic effects of lncRNA-XIST knockdown were exerted through miR-449-mediated PTEN expression. Our result showed that knockdown of lncRNA-XIST was able to reduce the protein levels of PTEN in SCI. Furthermore, this inhibitory effect was blocked by antagomir-494. In addition, antagomir-494 reversed the enhancing effects of lncRNA-XIST inhibition on the expressions of p-AKT and p-mTOR in SCI model rats. Overall, our findings have not only revealed the important role of the XIST/miR-494/PTEN/PI3K/AKT signaling pathway in the development of SCI, but have also implicated both XIST and miR-494 as having potential therapeutic value in the future treatment of SCI.

4. Materials and Methods {#sec4-ijms-18-00732}
========================

4.1. Animals {#sec4dot1-ijms-18-00732}
------------

Adult male Sprague--Dawley rats, weighing 180--220 g, were purchased from the Animal Center of the Chinese Academy of Sciences (Shanghai, China). The animal use and care protocol were approved by the Animal Ethics Committee of the Huashan Hospital, Fudan University (No.: FDAE20150311; Date: 4 March 2015). All animal-handling procedures were performed according to the Guide for the Care and Use of Laboratory Animals of the US National Institutes of Health and followed the guidelines of the Animal Welfare Act. All animals were housed in standard conditions of temperature and 12-h light/dark cycle and fed with food and water.

4.2. Model Establishment and Sample Collection {#sec4dot2-ijms-18-00732}
----------------------------------------------

Complete contusion SCI was performed at thoracic (T) 10, as described previously \[[@B50-ijms-18-00732]\]. Briefly, rats were anesthetized with 10% chloral hydrate (3 mg/kg, i.p.). A laminectomy was performed at thoracic vertebra level 10 and the spinal cord was subjected to impact trauma by compression at an interval of 12.5 mm to produce severe injury. The rats were singly housed in a temperature-controlled room at 27 °C for a survival period of 28 days. Manual massage of urinary bladder was performed twice daily until autonomous bladder voidance reflex developed. Rats were divided into eight groups, namely the sham group, sham + Lv-scramble group, sham + Lv-shRNA group, SCI group, SCI + Lv-scramble group, SCI + Lv-shRNA group, SCI + agomir-494 group, and SCI + LV-shRNA + antagomir group. In the sham group, rats were only subjected to laminectomy. In the sham + Lv-scramble group and sham + Lv-shRNA group, rats were subjected to laminectomy and then 5 μL lentivirus Lv-shRNA or Lv-scramble were injected into the spinal cords of rats. In the SCI group, rats were subjected to SCI using an impactor. In SCI + Lv-scramble group and SCI + Lv-shRNA group rats were subjected to SCI and injected with 5 μL lentivirus Lv-scramble or Lv-shRNA, respectively. In the SCI + agomir-494 group, 60 nM agomir-494 was delivered into the intrathecal space of SCI rats. In the SCI + Lv-shRNA + antagomir-494 group, 5 μL lentivirus Lv-shRNA and 60 nM antagomir-494 were delivered into the intrathecal space of SCI rats. At the scheduled time points, rats in eight groups were euthanized with an overdose of 10% chloral hydrate (10 mg/kg) and a 10 mm long segment of the spinal cord centered at the injury epicenter was harvested for real-time PCR, terminal dexynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL), immunohistochemical staining, cresyl violet staining, and Western blot assays; the remaining rats were used for functional assessment.

4.3. Lentivirus Production and Infection {#sec4dot3-ijms-18-00732}
----------------------------------------

Short hairpin RNA (shRNA) directed against human lncRNA-XIST or scrambled oligonucleotides were ligated into the LV-3 (pGLVH1/GFP + Puro) vector (GenePharma, Shanghai, China). The viruses were packaged in HEK293T cells according to standard protocols and the virus particles were harvested 72 h later. The packaged lentiviruses were named Lv-shRNA and Lv-scramble. A total volume of 5 μL lentivirus was injected into the cord using a glass micro-pipette (outer diameter 10--20 μm for viral injection) attached to a pico spritzer (Parker Instrumentation, Fairfield, NJ, USA).

4.4. Transfection of miR-494 Mimics and Inhibitor {#sec4dot4-ijms-18-00732}
-------------------------------------------------

MiR-494 mimic, miR-494 inhibitor and the corresponding negative control (mimics NC and inhibitor NC) were purchased from Shanghai GenePharma Co., Ltd. (Shanghai, China). The miRNA mimics, miRNA inhibitor, and the negative control miRNA oligonucleotides were transfected into the HEK293T cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA), according to the manufacturer's instructions.

4.5. In Vivo Administration of AgomiR-494 and AntagomiR-494 {#sec4dot5-ijms-18-00732}
-----------------------------------------------------------

AgomiR-494 and antagomiR-494 were obtained from Ribobo (Guangzhou, China). AgomiR-494 and antagomiR-494 oligonucleotides were dissolved in saline (0.9%) at a concentration of 60 nmol/mL. They were filled into osmotic minipumps (model 1030D, Alzet, CA, USA) and continuously infused into the spinal cords of SCI rats at a rate of 1 μL/h, as previously described \[[@B50-ijms-18-00732]\].

4.6. Choice of Differentially Expressed LncRNAs List Using Heat Map Analysis {#sec4dot6-ijms-18-00732}
----------------------------------------------------------------------------

The microarray data of lncRNA profiles in a C57BL6 mouse model of contusion injury was retrieved from NCBI GEO Datasets, with the accession number GSE5296. Affymetrix gene expression profiles were generated using Affymetrix Mouse Genome 430 2.0 arrays (Thermo Fisher Scientific, Bremen, Germany).

4.7. Quantitative Reverse Transcription-PCR {#sec4dot7-ijms-18-00732}
-------------------------------------------

Total RNA from 10 mm spinal cord segment containing the injury epicenter was isolated using TRIzol (Invitrogen, Carlsbad, CA, USA) according to manufacturer's instructions. After reverse transcription, cDNA was amplified by using SYBR-Green Premix (Takara, Otsu, Japan). The expression of miR-494 and lncRNA-XIST in tissue was, respectively, normalized to the expression of U6 and GAPDH. RT-qPCR was performed using the Applied Biosystems 7900 Fast Real-Time PCR system (Applied Biosystems, Foster City, CA, USA). The data were analyzed by Δ*C*t method. The sequences of primers were purchased from Guangzhou RiboBio Co. Ltd.: lncRNA-XIST forward 5′-CGGGTCTCTTCAAGGACATTTAGCC-3′, and reverse 5′-GCACCAATACAGAGGAATGGAGGG-3′; GAPDH forward, 5′-GAAGATGGTGATGGGATTTC-3′, and reverse, 5′-GAAGGTGAAGGTCGGAGT-3′; miR-494 forward, 5′-TGACCTGAAACATACACGGGA-3′ and reverse, 5′-TATCGTTGTACTCCACTCCTTGAC-3′; U6 forward, 5′-AAAGACCTGTACGCCAACAC-3′ and reverse, 5′-GTCATACTCCTGCTTGCTGAT-3′.

4.8. BBB Score {#sec4dot8-ijms-18-00732}
--------------

Locomotor activity was evaluated at 1, 3, 7, 14, 21, and 28 days post-injury using the BBB locomotion scale. Two independent and well-trained investigators who were blind as to the experimental conditions as described, observed the movement and scored the locomotor function according to the BBB scales \[[@B51-ijms-18-00732]\]. The final score of each animal was obtained by averaging the values from both investigators.

4.9. Terminal Deoxynucleotidyl Transferase dUTP Nick End Labelling (TUNEL) {#sec4dot9-ijms-18-00732}
--------------------------------------------------------------------------

For the detection of apoptosis, TUNEL was performed according to the instructions of the manufacturer (Roche, South San Francisco, CA, USA) as described previously \[[@B18-ijms-18-00732]\]. Briefly, slides, prepared as described, were de-waxed in xylene, rehydrated in graded alcohols, and placed in dH~2~O. Then, these slides were incubated for 15 min at RT with a 20 μg/mL Proteinase K (Gibco BRL, Gaithersburg, MD, USA). The slides were rinsed twice times with PBS before being incubated in TUNEL reaction mixture for 60 min at 37 °C. After rinsing with PBS three times for 3 min, sections were incubated with HRP-streptavidin reagent (1:200) in PBS for 30 min at RT. After rinsing with PBS three times for 5 min, sections were counterstained with hematoxylin. Then, sections were rinsed in distilled water two times for 5 min each, and cover-slipped with mounting medium. The number of TUNEL positive cells was counted.

4.10. Immunohistochemical Staining {#sec4dot10-ijms-18-00732}
----------------------------------

The spinal cord segments were paraffin-embedded and cut into 5-μm-thick slides for immunohistochemical analysis. After incubating in 0.15% Triton X-100 at room temperature and blocking with 1% goat serum albumin in modified D-PBS Tween-20 for 1 h, the sections were incubated overnight with rabbit anti-cleaved caspase 3 antibody (1:200, Millipore, Billerica, MA USA) and anti-p-AKT (p-AKT-Ser473) antibody (1:2000, Cell Signaling, MA, USA). After washing with PBS three times, the sections were incubated with biotin-labeled rabbit anti-mouse IgG at 37 °C for 30 min, and visualized with diaminobenzidine \[[@B52-ijms-18-00732]\]. Finally, the slides were counterstained with 10% hematoxylin, and analyzed under a light microscope with a digital camera. Image analysis was performed using Image-Pro Plus 4.5 software (Media Cybernetics, Silver Spring, MD, USA) \[[@B53-ijms-18-00732]\].

4.11. Lesion Identification by Cresyl Violet Staining {#sec4dot11-ijms-18-00732}
-----------------------------------------------------

Cresyl violet staining was used to assess lesion size and spared tissue as described previously \[[@B48-ijms-18-00732]\]. Briefly, a 10 mm segment of spinal cord including the injury epicenter was were paraffin-embedded in paraffin. Transverse sections (10 μm thickness) were taken through the width of the spinal lesion site, and put onto Superfrost Plus slides (Thermo Fisher Scientific, Bremen, Germany). Every 40th section of the lesion site sample was stained with 0.5% cresyl-violet acetate and the lesion area and spared tissue area were quantified using Image-Pro Plus 6.0 (Media Cybernetics, Silver Spring, MD, USA) software. The section with the lowest percentage of spared tissue was assigned as the injury epicenter. Transverse sections, with an interval of 400 mm rostral and caudal to this lesion epicenter, were analyzed up to a distance of 1600 mm away from the lesion epicenter for percentage tissue sparing.

4.12. Western Blot {#sec4dot12-ijms-18-00732}
------------------

A 10 mm long segment of spinal cord including the injury site was harvested for Western blot analyses. The harvested tissues were lysed, and their protein concentrations were determined using a BCA protein assay kit (Beyotime, Shanghai, China). Samples (30 μg of protein) were electrophoresed onto a 12% sodium dodecyl sulfate/polyacrylamide gel (SDS/PAGE), and transferred to PVDF membranes (Millipore, Mississauga, ON, Canada). The membranes were blocked in 5% nonfat milk for 1 h at room temperature. The membranes were then incubated overnight at 4 °C with anti-cleaved caspase 3, anti-cleaved PARP, (rabbit, 1:2000, Abcam, Cambridge, UK), anti-Bax (1:500), anti-Bcl-2 (1:500, Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-AKT, anti-phospho-mTOR, anti-mTOR (1:1000; Cell Signaling Technology, Danvers, MA, USA), anti-phospho-AKT (Ser473) (1:500; Cell Signaling Technology, Danvers, MA, USA), rabbit anti-PTEN polyclonal antibody (1:500, Bioworld Technology, Louis Park, MN, USA), and anti-β-actin (1:5000) (Santa Cruz Biotechnology) overnight at 4 °C, followed by horseradish peroxidase (HRP)-conjugated secondary antibody (1:10,000) for 1 h at RT. Proteins were visualized by enhanced chemiluminescence \[[@B54-ijms-18-00732]\]. Relative intensities were determined with Quantity One 4.6.2 software (Bio-Rad, Hercules, CA, USA) and β-actin was used as the internal control. Data were given as mean ± SEM of the percentage ratio of the control.

4.13. Luciferase Activity Assay {#sec4dot13-ijms-18-00732}
-------------------------------

According to miR-494 analysis, oligonucleotides containing human lncRNA-XIST 3′UTR target sequence were annealed and cloned into the pmirGLO plasmids (Promega, Madison, WI, USA) to form the reporter vector XIST-wild-type (pmirGLO-XIST-Wt). To test the binding specificity, the corresponding mutant was created by mutating the miR-494 seed region binding site (seed sequence binding fragment 5′-CACCGC-3′ changed to 5′-AGUACCG-3′), which were named as pmirGLO-XIST-Mt. Luciferase reporter plasmids plus miR-494 mimics, miR-494 inhibitor or miR-NC were co-transfected into HEK 293T cells using Lipofectamine 2000 (Invitrogen). Forty-eight hours after transfection, the firefly luciferase activity was measured and normalized by renilla luciferase activity.

4.14. Statistical Analysis {#sec4dot14-ijms-18-00732}
--------------------------

The data are expressed as the mean ± SEM from three independent experiments. Comparison of means between more than two groups was performed using one-way analysis of variance and Turkey's multiple comparison tests between groups using SPSS 13.0 software (SPSS, Chicago, IL, USA). A *p*-value of less than 0.05 was considered statistically significant.

5. Conclusions {#sec5-ijms-18-00732}
==============

In conclusion, our study has revealed that the downregulation of lncRNA-XIST inhibited neuronal apoptosis by upregulating miR-494 in SCI rats. Overexpression of miR-494 inhibited PTEN expression by targeting its 3′-UTR and further promoted the activity of PI3K/AKT signaling pathways, leading to the inhibition of neuronal apoptosis. On this basis, it is proposed that the XIST/miR-494/PTEN/AKT axis might represent a promising therapeutic target for the future treatment of SCI.
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![Establishment and verification of a laboratory rat SCI model. In the SCI group of rats, the skin was incised along the midline of the back, and the vertebral column was exposed. A laminectomy was performed at the T10 level. (**A**) Basso, Beattie, and Bresnahan (BBB) scores for hindlimb locomotion in each experimental group (*n* = 4 per group). (**B**) Quantification of lesion size within the injury site, and measurement of the distance between points 1600 μm rostral and caudal to the epicenter, seven days post-injury. Compared with the sham group, the SCI group had larger spared tissue areas at multiple distances from the lesion epicenter (*n* = 4/group). (**C**) TUNEL staining of spared tissues to analyze neuronal apoptosis at one and three days after SCI (*n* = 3/group/time point). Bright green dots indicate apoptosis positive cells. The white arrows point out TUNEL-positive cells. (**D**) Protein expression of cleaved caspase-3, cleaved PARP, Bcl-2, and Bax in the spinal cord segment at the contusion epicenter (*n* = 4/group). β-actin was used as the loading control and for band density normalization. (**E**) Expression of cleaved caspase-3 after SCI as detected by immunohistochemistry staining in spinal cord tissues collected from each group (*n* = 3/group/time point). The black arrows indicate cells stained positive with anti-cleaved caspase-3. Data are means ± SEM. \*\* *p* \< 0.01 vs. the sham group. Scale bars in (**C**,**E**) 20 μm.](ijms-18-00732-g001){#ijms-18-00732-f001}

![Upregulation of lncRNA-XIST in SCI model rats. (**A**) Heat map representation of differentially expressed lncRNAs in the sham and SCI group. Data were retrieved from the GEO dataset (accession number GSE5296). Expression values are represented in shades of red and green which indicate expression above and below the median expression value across all samples. (**B**) qRT-PCR analysis of six lncRNAs selected from the results of the microarray analysis, in spinal cord tissues collected from SCI model rats (*n* = 4/group). (**C**) Expression levels of lncRNA-XIST at one, three, and seven days after SCI, measured by qRT-PCR (*n* = 3/group/time point). Relative expression represents changes compared with the sham group, after SCI. Data are means ± SEM. \* *p* \< 0.05, \*\* *p* \< 0.01 vs. the sham group.](ijms-18-00732-g002){#ijms-18-00732-f002}

![Attenuation of SCI following knockdown of lncRNA-XIST. Rats were randomly divided into four groups: sham + Lv-shRNA; sham + Lv-Scramble; SCI + Lv-Scramble, and SCI + Lv-shRNA. (**A**) LncRNA-XIST expression at 1, 3, 7, and 14 days post-injury in spinal cord tissue of groups. *n* = 3/group/time point. (**B**) BBB scores of sham, sham + Lv-shRNA group, SCI group and SCI + Lv-shRNA group (*n* = 3/group/time point). (**C**) Quantification of lesion size within the injury site, and measurement of the distance between points 1600 μm rostral and caudal to the epicenter, seven days post-injury (*n* = 3/group/time point). (**D**) TUNEL staining of neuronal apoptosis in spared tissues of the SCI group and SCI + Lv-shRNA group (*n* = 4/group). The white arrows point out TUNEL-positive cells. \* *p* \< 0.05, \*\* *p* \< 0.01 vs. the sham group, ^\#\#^ *p* \< 0.01 vs. the SCI group. Data are means ± SEM. Lv-shRNA treatment significantly reduced neuronal apoptosis following SCI. (**E**) The expression of cleaved caspase-3 in SCI group and SCI + Lv-shRNA group was detected by immunohistochemistry staining (*n* = 4/group). The black arrows indicate cells stained positive with anti-cleaved caspase-3. Lv-shRNA treatment significantly reduced the expression of cleaved caspase-3 after SCI. \* *p* \< 0.05, \*\* *p* \< 0.01 vs. the sham group, ^\#\#^ *p* \< 0.01 vs. the SCI group. Image analysis was performed using Image-Pro Plus 4.5 software (Media Cybernetics, Silver Spring, MD, USA). Data are the mean values ± SEM. Scale bars in (**D**,**E**) 20 μm.](ijms-18-00732-g003){#ijms-18-00732-f003}

![Effect of Lv-shRNA on activation of the PI3K/AKT/mTOR pathway in SCI rats. (**A**,**B**) Protein expressions of p-AKT, AKT, p-mTOR, and mTOR in rat spinal cord segments at the contusion epicenter. β-actin was used as the loading control and for band density normalization. Band optical densities were measured using Image-Pro Plus software. \* *p* \< 0.05, \*\* *p* \< 0.01 vs. the sham group. ^\#\#^ *p* \< 0.01 vs. the SCI group. *n* = 4/group. (**C**) Expression of p-AKT among the treatment groups as detected by immunohistochemistry staining. *n* = 4/group. The black arrows indicate cells stained positive with anti-p-AKT. Data are means ± SEM. Scale bars in (**C**) 20 μm.](ijms-18-00732-g004){#ijms-18-00732-f004}

![LncRNA-XIST and miR-494 interact with and repress each other. (**A**) Schematic representation of the predicted target site for miR-494 in lncRNA-XIST. (**B**) Relative luciferase activities of luciferase reporters bearing wild-type or mutant lncRNA-XIST 48 h following transfection with the indicated miR-494 mimics, mimics negative control (mimics NC), miR-494 inhibitor, or inhibitor NC, in HEK293 cells. \*\* *p* \< 0.01 vs. mimic NC or inhibitor NC. (**C**) Relative lncRNA-XIST expression in HEK293 cells transfected with miR-494 mimic, mimic NC, miR-494 inhibitor, or inhibitor NC were analyzed by qRT-PCR. \*\* *p* \< 0.01 vs. mimic NC or inhibitor NC. (**D**) Relative miR-494 expression in HEK293 cells transfected with Lv-control, Lv-shRNA, Lv-wt-XIST, or Lv-mt-XIST were analyzed by qRT-PCR. \*\* *p* \< 0.01 vs. blank group, ^\#\#^ *p* \< 0.01 vs. Lv-wt-XIST. Data are the mean values ± SEM, *n* = 3. (**E**) Correlation of expression of lncRNA-XIST and miR-494 in spinal cord tissue collected from SCI model rats. (*r* = −0.7159, *p* \< 0.001, *n* = 10). (**F**) Relative miR-494 expression in spinal cord tissue from SCI model rats injected with Lv-shRNA and Lv-Scramble at 1, 3, 7, and 14 d after SCI. *n* = 3/group/time point. \*\* *p* \< 0.01 vs. Lv-Scramble. Data are means ± SEM.](ijms-18-00732-g005){#ijms-18-00732-f005}

![Effect of miR-494 on apoptosis in SCI rats by targeting PTEN. SCI rats were randomly divided into three groups: SCI group; SCI + agomir-494 group and sham group. (**A**) Expression of miR-494 at 1, 3, 7, and 14 days after SCI, as detected by qRT-PCR analysis. \*\* *p* \< 0.01 vs. the sham group. *n* = 3/group/time point. (**B**) Effect of miR-494 overexpression by agomir-494 on hindlimb motor function (BBB scores). \* *p* \< 0.05, \*\* *p* \< 0.01 vs. the SCI group. *n* = 3/group/time point. (**C**) Effect of miR-494 overexpression on tissue sparing at one, three, and seven days after SCI. \*\* *p* \< 0.01 vs. the SCI group. *n* = 3/group/time point. (**D**) Effect of miR-494 overexpression on apoptosis after SCI, detected by TUNEL staining. \*\* *p* \< 0.01 vs. the sham group. ^\#\#^ *p* \< 0.01 vs. the SCI group. *n* = 4/group. (**E**) Predicted miR-494 binding sites in the 3′-UTR region of PTEN (PTEN-3′-UTR-WT) and the corresponding mutant sequence (PTEN-3′UTR-MUT). (**F**) Protein expression of PTEN after treatment with miR-494 mimic or miR-494 inhibitor in HEK293 cells. (**G**) Protein expressions of PTEN, p-AKT, AKT, p-mTOR, and mTOR in spinal cord segments after agomir-494 treatment. Band optical densities were measured using Image-Pro Plus software. \* *p* \< 0.05, \*\* *p* \< 0.01 vs. the sham group. ^\#\#^ *p* \< 0.01 vs. the SCI group. *n* = 4/group. Data are means ± SEM.](ijms-18-00732-g006){#ijms-18-00732-f006}

![Regulation of apoptosis by lncRNA-XIST through the mopping up of miR-494 after SCI. SCI rats were randomly divided into four groups: SCI group; Lv-shRNA group; Lv-shRNA + antagomir-494 group, and sham group (*n* = 4 per/group). (**A**) Effect of antagomiR-494 on Lv-shRNA inhibition of apoptosis after SCI. (**B**) Effect of miR-494 knockdown on the inhibitory effect of Lv-shRNA on the expression of PTEN. (**C**) Effect of miR-494 knockdown in the presence of Lv-shRNA on the expression of p-AKT and p-mTOR in SCI model rats. (**D**) Band optical densities were measured using Image-Pro Plus software. Data are mean values ± SEM. \* *p* \< 0.05, \*\* *p* \< 0.01 vs. the sham group, ^\#\#^ *p* \< 0.01 vs. SCI + Lv-shRNA group.](ijms-18-00732-g007){#ijms-18-00732-f007}
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